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Background

Cutaneous Malignant Melanoma (CMM) is a significant global health challenge. Understanding regional differences in CMM prevalence and trends is crucial for developing targeted strategies. To address this, we analyzed epidemiological patterns and investigated risk factors for CMM-related mortality.





Methods

This study analyzed CMM using data from the 2021 Global Burden of Diseases survey, covering 204 countries and territories. We evaluated the number and age-standardized rates of prevalence (ASPR), mortality (ASMR), disability-adjusted life years (ASDR), and annual percentage changes (EAPCs). Trends were stratified by region, country, age, sex, and Sociodemographic Index (SDI). A Bayesian Age-Period-Cohort model projected future prevalence, mortality, and DALYs, while decomposition analysis identified key drivers of CMM burden. Frontier analysis further associated CMM outcomes with socio-demographic development.





Results

In 2021, the global prevalence of CMM reached 833,215 cases, a 161.3% increase since 1990. During this period, the ASPR rose from 19.13 to 25.37 per 100,000, while the ASMR declined from 0.84 to 0.73 per 100,000. DALYs increased by 60.5%, from 1,045,777 to 1,678,836. The high SDI region had the highest ASPR, ASMR, and ASDR. Decomposition analysis identified population growth, demographic aging, and epidemiological changes as equal drivers of CMM DALYs globally. Countries like New Zealand and Australia demonstrated the most significant effective differences, indicating potential for improvement in CMM management. By 2045, the global ASPR is projected to rise to 36.61, with ASMR and ASDR expected to decrease to 0.79 and 10.21 per 100,000.





Conclusion

CMM poses an increasing global health concern, with ASPR steadily rising. While this analysis shows a decline in global ASMR and ASDR overall, these rates are actually increasing in low SDI regions, and projections indicate that this trend will likely continue until 2045.
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1 Introduction

Cutaneous Malignant Melanoma (CMM) is a common cancer in the Western world with an increasing incidence and continues to be the deadliest form of skin cancer globally, significantly impacting public health (1). Despite advances in understanding and treatment, its incidence has been increasing, highlighting the importance of continued research and intervention efforts (2–4). Understanding CMM’s burden, from its epidemiology to the effectiveness of prevention strategies, is crucial in addressing the disease effectively.

The epidemiology of CMM reveals a complex pattern of incidence and mortality globally. In 2020, there were estimated to be 325,000 new cases and 57,000 deaths due to CMM worldwide. These numbers are projected to increase significantly by 2040, with an estimated 510,000 new cases and 96,000 deaths annually if current trends continue (5). This increase is attributed to various factors, including demographic changes and possibly increasing UV exposure and changes in sun-related behaviors (5).

CMM incidence shows significant regional variation, with the highest rates in Australia and New Zealand (up to 42 per 100,000 annually), compared to much lower rates in Asia and Africa (below 1 per 100,000). This disparity is largely attributable to differences in skin type, UV radiation exposure, and the effectiveness of public health interventions targeting skin cancer prevention (5, 6).

Current epidemiological research is limited by the lack of comprehensive, globally representative data which could provide a more nuanced understanding of CMM across various regions and groups (6, 7). Most studies are concentrated in regions with higher healthcare resources and cancer registry systems, such as North America and Europe (7–9). This limitation hinders the ability to fully understand CMM’s impact in low-resource settings or in populations that historically have not been as deeply studied.

The Global Burden of Disease Study (GBD) offers a thorough framework for comprehending these differences and forecasting CMM patterns in the future (5). This research addresses the gaps in our understanding of CMM from 1990 to 2021, with forecasts to 2045. Moreover, we employed frontier and decomposition analysis to examine the various factors that may contribute to the development of CMM. We aim to investigate trends in incidence and mortality, gender disparities, and the impact of socioeconomic factors on CMM outcomes globally. Our findings intend to inform public health strategies to reduce CMM ‘s burden and contribute to global efforts in combating this disease, promoting more effective prevention, diagnosis, and treatment approaches.




2 Methods



2.1 Study population and data collection

This cross-sectional study, approved by the 924th Hospital of the Joint Logistics Support Force of the PLA without requiring informed consent, utilized data from the Global Burden of Disease (GBD) 2021 database, accessible at https://vizhub.healthdata.org/gbd-results/. The GBD 2021 study comprehensively assessed health loss across 204 countries and regions, drawing on the latest epidemiological data and refined standardized methods. It identified 371 diseases and injuries as key contributors to health loss. Cutaneous Malignant Melanoma (CMM), characterized within the GBD framework as a malignant skin condition involving abnormal melanocyte proliferation and immune dysfunction, classified under ICD-10: C43, was studied in individuals aged 15 to 95+ years using data from the Global Health Data Exchange (6). The data for this study, covering CMM prevalence, mortality, and disability-adjusted life years (DALYs) from 1990 to 2021, were derived from the GBD 2021 study. The GBD study gathers global health data through a comprehensive methodology that includes systematic literature reviews, hospital records, insurance claims, and national health surveys (10, 11). The GBD uses a rigorous methodology to provide the most accurate global health estimates. It comprehensively accounts for diseases and risks, ensuring measurement comparability across time and regions. Data on CMM prevalence, mortality, and DALYs from 1990 to 2021 were obtained from the GBD Results Tool. The regions included five socialdemographic index (SDI) regions and the global region. The SDI classifies areas into high, high-middle, middle, low-middle, and low categories based on birth rates, income, and education to support health research and policy development (12). We calculated EAPCs via linear regression and complied with STROBE guidelines.




2.2 Statistical analysis

In this study, we utilized published estimates of global, regional, and national prevalence, mortality and DALYs for the CMM, disaggregated by sex, location, 5-year age group, and year, based on data from the GBD 2021. DALYs, which reflect both years lost to premature death and years lived with disability owing to a particular health condition, combine years lived with disability and years of life lost to produce a complete assessment of overall health burden. Previous papers provide extensive calculation techniques for age-standardized rates, DALYs, incidence, and prevalence (13, 14). Age-standardized rates (ASRs) for CMM were calculated using the direct method, based on the GBD 2021 world population age standard per 100,000 persons. These included the age-standardized mortality rate (ASMR), prevalence rate (ASPR), and DALY rate (ASDR) (15).

To validate EAPC descriptions, we used Joinpoint analysis to identify global ASR inflection points from 1990 to 2021. Annual percent change (APC) measured percentage changes within specific segments, while average annual percent change (AAPC) assessed average annual ASR changes over time. These tools reinforced our findings by evaluating the statistical significance of ASR trend changes (16).

Decomposition analysis revealed the variables influencing increases in DALYs and worldwide CMM mortality between 1990 and 2021. It evaluated the effects of aging, population increase, and changes in epidemiology. This study’s decomposition analysis was carried out utilizing Gupta’s suggested methodology. We analyzed mortality and DALYs for the global region and five SDI regions. The detailed formulas and methods can be found in previous publications (17).

The Bayesian Age-Period-Cohort (BAPC) model integrates age, period, and cohort effects, allowing for the prediction of illness trends while considering demographic shifts (18). This model was used to forecast CMM prevalence and DALY rates through 2045 for people aged 15 to 95+ globally and across five SDI regions.

We used frontier analysis to explore the relationship between CMM burden and socio-demographic development. This method identified the minimum age-standardized incidence and DALY rates attainable for CMM indicators at a given SDI (19).

In this study, the R software package (version 4.2.3) and jD_GBDR (V2.22, Jingding Medical Technology Co., Ltd.) were used to generate the figures.





3 Results



3.1 Global burden of cutaneous malignant melanoma

The global maps of ASPR, ASMR and ASDR of CMM in 2021 are shown in (Figures 1A–C), respectively. Between 1990 and 2021, the global burden of CMM experienced a notable rise in ASPR. However, ASMR and ASDR declined during the same period. In 2021, females had lower ASPR, ASMR and ASDR for CMM compared to males (Table 1).




Figure 1 | Global ASPR (A), ASMR (B) and ASDR (C) of CMM in 2021 (per 100,000 population). ASPR, age-standardized prevalence rate; ASMR, age-standardized mortality rate; ASDR, age-standardized disability-adjusted life year rate; CMM, Cutaneous Malignant Melanoma.




Table 1 | Age-standardized Prevalence rate, DALYs and Age-standardized Mortality rate of Cutaneous Malignant Melanoma between 1990 to 2021 at the Global and Regional level.



CMM prevalence increased from 833,215.66 (95% UI: 813,312.99–849,960.71) in 1990 to 2,177,566.14 (95% UI: 2,057,878.68–2,274,067.92) in 2021, representing a 161.3% rise. Additionally, the ASPR rose from 19.13 (95% UI: 18.65–19.55) in 1990 to 25.37 (95% UI: 23.98–26.51) in 2021, reflecting a 32.6% increase. The number of CMM incidence cases increased from 124,319.84 (95% UI: 119,603.87–127,610.46) in 1990 to 303,104.61 (95% UI: 281,717.64–318,904.82) in 2021, marking a 143.8% rise. Furthermore, ASIR increased from 2.98 (95% UI: 2.87–3.06) in 1990 to 3.56 (95% UI: 3.31–3.75) in 2021, indicating a 19.3% growth. The CMM mortality increased from 33,060.98 (95% UI: 30,546.44–34,529.54) in 1990 to 61,549.73 (95% UI: 54,852.45–66,265.02) in 2021, representing an 86.2% rise. However, the ASMR decreased from 0.84 (95% UI: 0.78–0.89) in 1990 to 0.73 (95% UI: 0.65–0.79) in 2021, indicating a 13.8% decline. On the other hand, DALYs increased from 1,045,777.53 (95% UI: 959,373.17–1,103,849.01) in 1990 to 1,678,836.31 (95%UI: 1,474,533.65–1,837,368.79) in 2021, reflecting a 60.5% rise. Meanwhile, the ASDR for DALYs decreased from 24.33 (95% UI: 22.39–25.58) in 1990 to 19.63 (95% UI: 17.25–21.50) in 2021, marking a 13.9% reduction.




3.2 SDI regional burden of CMM

Between 1990 and 2021, the ASPR burden of CMM increased across all SDI regions. The most significant rise occurred in the middle SDI region, with an EAPC of 4.41 (95% UI: 4.35–4.47) per 100,000 populations. In contrast, the ASDR showed a slight decline across all SDI regions, except for the low-middle region, which experienced a minor increase with an EAPC of 0.51 (95% UI: 0.48–0.55). Additionally, the ASMR rose in three regions, with the largest increase observed in the low-middle region, reaching 0.52 (95% UI: 0.50–0.54) (Figures 2A-C; 3A-C).




Figure 2 | Trends in ASPR (A), ASMR (B), and ASDR (C) for CMM across five Sociodemographic Index (SDI) regions from 1990 to 2021.






Figure 3 | ASPR (A), ASMR (B), and ASDR (C) for CMM across different geographical regions in 2021.



In 2021, the high SDI region consistently recorded the highest ASPR, ASMR and ASDR for CMM (ASPR of 91.36, ASMR of 1.40, and ASDR of 40.99 per 100,000 population), whereas the low-middle SDI region had the lowest (Table 1). These figures substantially exceeded those in the low SDI region, where ASIR was 72.36, ASPR was 478, and DALYs rate was 19.73 per 100,000 populations (Table 1)




3.3 Geographic regional burden of CMM

In 2021, Australasia recorded the highest number of CMM cases, with a prevalence of 816,674.79 (95% UI: 776,086.87–844,343.72). Australasia also had the highest ASPR at 266.83, the highest ASMR at 3.88, and the highest ASDR at 109.97 per 100,000 people. In contrast, Oceania had the lowest ASPR at 0.28, while Southeast Asia recorded both the lowest ASDR at 5.35 and the lowest ASMR at 0.20 per 100,000 people.

Across the GBD regions from 1990 to 2021, the ASPR of CMM increased in all regions, with Eastern Asia experiencing the most significant rise (EAPC = 8.09) and Oceania showing the smallest increase (EAPC = 0.73). Regarding ASMR, it rose in thirteen GBD regions but declined in eight, with Central Latin America seeing the largest increase (EAPC = 2.94) and Central Asia the most substantial decrease (EAPC = -0.43). Similarly, ASDR also increased in thirteen regions and declined in eight, with Central Latin America experiencing the most significant rise (EAPC = 2.49) and Australasia recording the largest decline (EAPC = -0.81) (Figures 3A-C; 4A-C).




Figure 4 | The EAPCs for ASPR (A), ASMR (B), and ASDR (C) due to CMM from 1990 to 2021, for both sexes, across GBD regions and SDI quintiles. DALYs, disabilityadjusted life-years; EAPC, estimated annual percentage change; GBD, Global Burden of Disease; SDI, Socio-demographic Index.






3.4 National burden of CMM

In 2021, the United States recorded the highest number of CMM cases, reaching 90,444.95. New Zealand, however, reported the highest ASPR at 461.33 per 100,000 individuals, as well as the highest ASDR at 179.36 per 100,000. Between 1990 and 2021, the ASPR for CMM increased across most countries, with the exception of the Kyrgyz Republic, which saw a slight decrease (EAPC = -0.34). The Kingdom of Saudi Arabia experienced the most significant rise in ASPR, with an EAPC of 8.64 (Figure 1A). A similar trend was observed in the ASMR, which rose in 177 countries, with the Republic of Mauritius showing the largest increase (EAPC = 6.58) (Figure 1B). Additionally, the ASDR rose in 172 countries, again with the Republic of Mauritius reporting the highest increase (EAPC = 7.61).




3.5 Age-specific and sex burden of CMM in the elderly

In 2021, the incidence of CMM was primarily concentrated in the 70 to 74-year age group. Among individuals aged over 55, the ASIR was higher in males than in females. A similar pattern was observed in the ASPR and ASMR. With increasing age, the ASIR, ASPR, ASMR, and ASDR all followed an upward trend. Notably, the ASDR reached its highest point in the 95+ age group, while the ASPR peaked in the 85 to 89 age group. The ASMR also peaked in the 95+ age group, and the ASIR reached its maximum in the 90 to 94 age group, with males consistently showing higher rates than females across these metrics (Figures 5A-C).




Figure 5 | Age-specific patterns by sex for ASPR (A), ASMR (B), and ASDR (C) associated with CMM at the global level in 2021. Error bars indicate the 95% uncertainty interval (UI) for the number of cases. Shading indicates the 95% UI for the rates. DALYs, disability-adjusted life-years.






3.6 BAPC analysis

To analyze post-2021 trends in the ASPR, ASMR, and ASDR of CMM, we applied Bayesian age-period-cohort (BAPC) models to forecast these rates globally from 2021 to 2045. Projections indicate a global increase in the ASPR, rising from 35.62 to 36.61 per 100,000 by 2045 (Figure 6A). In contrast, the ASMR is expected to decrease slightly from 1.03 in 2021 to 0.79 in 2045, and the ASDR from 19.70 to 10.21 over the same period (Figure 6B). Furthermore, the ASPR is projected to increase across most age groups, except for those aged 65 to 79. The highest ASPR by 2045 is predicted to be 248.13 per 100,000 among individuals aged 85 to 89 (Figure 6C).




Figure 6 | The global trends in ASPR (A), ASMR (B), and ASDR (C) from 2021 to 2045 for CMM were predicted using Bayesian age-period-cohort (BAPC) models.






3.7 Decomposition analysis

We conducted a decomposition analysis to assess global DALY trends and those within five SDI regions, focusing on the roles of population growth, demographic aging, and epidemiological changings. The global DALY rate significantly increased, with the middle SDI region seeing the highest rise, amounting to 1,634,782.94. Globally, population growth, aging, and epidemiological changes equally contributed to the 33.33% increase in DALY burden from 1990 to 2019, a pattern mirrored across all SDI regions (Figure 7).




Figure 7 | Changes in the DALYs numbers of CMM according to the three causes from 1990 to 2021 at the global level and by SDI quintile and WHO regions. The black dot represents the overall value of incidence change contributed from all causes. DALY, disability-adjusted life year; CMM, Cutaneous Malignant Melanoma; WHO, World Health Organization.






3.8 Frontier analysis in DALY rate of CMM

To better understand trends in DALY rates associated with CMM, we conducted a frontier analysis across 204 countries and regions from 1990 to 2021, using ASDR as a key metric. Countries were categorized along a frontier line based on their SDI levels, with the frontier representing those with the lowest DALY rates relative to their SDI. The “effective difference” reflects the gap between a nation’s actual and achievable DALYs, which can be reduced by optimizing sociodemographic resources. Notably, New Zealand, Australia, and North Macedonia had the largest effective differences, indicating significantly higher ASDR compared to similarly developed nations. In contrast, Burkina Faso, Lao PDR, and the Republic of Korea had the lowest ASDR relative to their development levels (Figures 8A, B).




Figure 8 | (A) Frontier analysis of CMM based on SDI and ASDR from 1990 to 2021. The color scale represents the years from 1990, depicted in black, to 2021, shown in blue. The frontier is delineated in a solid black color. (B) Frontier analysis based on SDI and CMM ASDR in 2021. The frontier line is black; countries and territories are represented as dots. The top 15 countries with the most considerable effective difference of ASDR from the frontier line are marked in black words; Red dots indicate an increase in ASDR of CMM from 1990 to 2021; blue dots indicate a decrease in ASDR of CMM between 1990 and 2021.







4 Discussion

Cutaneous Malignant Melanoma (CMM) is one of the most dangerous types of skin cancer and remains a significant public health concern worldwide (20). CMM originates from melanocytes, the pigment-producing cells in the skin, and its incidence has been rising steadily over the past decades. CMM is a multifactorial disease influenced by both genetic and environmental factors. Excessive ultraviolet (UV) radiation exposure, particularly UVB, is a primary environmental risk factor that leads to DNA damage in melanocytes (21). On the genetic side, mutations in genes such as BRAF and NRAS have been implicated in the pathogenesis of melanoma (22). Additionally, immune dysfunction plays a critical role in the disease progression, with immune checkpoint pathways becoming key targets in modern CMM therapies. Immunotherapy has revolutionized CMM treatment, particularly through the use of immune checkpoint inhibitors (ICIs). ICIs, such as programmed death-1 (PD-1) inhibitors and cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) inhibitors, have significantly improved survival outcomes. For example, pembrolizumab, a PD-1 inhibitor, achieved a 5-year overall survival rate of 41% in patients with advanced CMM, with approximately 25% experiencing complete remission. This marks a transformative shift in the therapeutic landscape for advanced melanoma (23, 24). However, immunotherapies’ advantages are not shared fairly as their accessibility is still unequal around the world. These innovative therapies are widely available in developed nations, but comparable access is hampered in poor nations by a lack of funding, high costs, and inadequate infrastructure (25). Hence, early detection and prevention remain the most effective strategies in reducing CMM mortality.

Our study aligns with previous research on the global burden of CMM, particularly regarding incidence trends. It is well established that regions like Australia and New Zealand have the highest incidence rates, largely driven by factors such as high UV exposure, specific skin types, and the presence of robust national cancer registries (26, 27). Our findings reaffirm this, as Australasia continues to lead in both incidence, DALYs, and mortality rates.

A unique contribution of our study is the detailed focus on low- and middle-income regions (low-SDI and middle-SDI regions), which have been relatively underexplored in prior research. While most previous studies have concentrated on high-income countries due to better access to cancer registries and healthcare systems (6, 8, 28), our analysis reveals a contrasting trend. Mortality rates in high-SDI regions have declined, but low- and middle-SDI regions have seen increases in both incidence and mortality, highlighting an urgent need for improved cancer management strategies in these areas.

We also employed decomposition analysis to identify the key drivers of changes in the global DALYs related to CMM from 1990 to 2021. Our findings indicate that population growth, demographic aging, and epidemiological changes are the primary factors behind the global increase in CMM -related DALYs. Notably, our study offers a deeper focus on regional disparities, identifying low- and middle-SDI countries as disproportionately affected by these demographic changes. This level of detail provides a richer understanding of healthcare inequalities than many similar studies, which often emphasize high-income regions.

In our frontier analysis, we assessed how efficiently countries manage their CMM burden relative to their socio-demographic development. Countries such as New Zealand, Australia, and North Macedonia exhibited the largest “effective differences,” indicating that their CMM burden was higher than expected despite having advanced healthcare systems. This suggests that these countries could benefit from further improvements(improved primary prevention and changing lifestyles) in CMM management (20). On the other hand, countries like Burkina Faso, Lao PDR, sand the Republic of Korea showed the smallest differences, indicating that they manage their CMM burden efficiently despite limited resources. These findings suggest that underperforming countries may require targeted interventions, including UV protection strategies, while efficient low-SDI countries could serve as models for resource optimization and cost-effective healthcare management (26). This analysis offers valuable insights for policy changes and international collaborations aimed at improving CMM outcomes, particularly in low- and middle-SDI regions.

Our study utilized data from 204 countries and regions, providing one of the most geographically comprehensive analyses to date. This approach revealed not only the stark contrasts between high- and low-SDI regions but also highlighted previously underreported disparities within regions. Using the BAPC model, we forecast future trends in CMM prevalence, mortality, and DALYs, providing critical insights for long-term public health planning. Our projections indicate that while mortality may continue to decline in high-SDI regions, the global burden of CMM will remain significant, with prevalence expected to rise by 2045. These advanced methods gave us a clearer understanding of the factors driving the CMM burden, including demographic shifts, epidemiological changes, and regional disparities in healthcare systems. Such insights are crucial for guiding policymakers in developing interventions that align with the specific socio-demographic conditions of different regions.

Additionally, our study observed gender disparities, with males aged over 55 exhibiting higher mortality and morbidity rates. This suggests the need for gender-specific public health strategies, including tailored health messaging and screening campaigns to address men’s particular risk behaviors and healthcare access challenges.

Finally, the rising CMM burden in low-SDI regions, combined with limited healthcare infrastructure, underscores the necessity of international collaboration and funding. Such efforts are vital for improving early detection, diagnosis, and treatment in these regions.

Despite its strengths, this study has certain limitations. First, the reliance on data from the GBD study means that the accuracy of our findings is contingent on the quality of the cancer registries in each country. In many low- and middle-income countries, underreporting and incomplete data collection could lead to an underestimation of the true burden of CMM.

Second, while our predictive models offer valuable insights, they are based on current trends and do not account for potential breakthroughs in CMM treatment, changes in sun exposure behaviors, or new public health interventions that could alter future incidence and mortality rates. As a result, the long-term projections should be interpreted with caution.

Lastly, our analysis did not consider certain region-specific factors, such as cultural behaviors and environmental differences, which could affect CMM risk. Future research could focus on exploring these variables more thoroughly to provide a more nuanced understanding of CMM risk across diverse populations.




5 Conclusion

This study provides a comprehensive analysis of the global burden of CMM from 1990 to 2021, highlighting key trends in incidence, mortality, and DALYs. Our findings confirm the persistently high CMM incidence in regions like Australasia and New Zealand, while also revealing increasing rates in low- and middle-SDI regions, where healthcare infrastructure is limited. Through decomposition analysis, we identified population growth, demographic aging, and epidemiological shifts as major drivers of the global CMM burden. The frontier analysis further demonstrated disparities in CMM management efficiency across countries, with some high-SDI regions underperforming and certain low-SDI regions achieving better-than-expected outcomes. These insights underscore the need for targeted interventions, gender-specific strategies, and international collaboration to reduce the growing CMM burden and optimize healthcare resource allocation globally.
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